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The Metabolism of [^'^CJNicotme in the Cat 

By n. M. TUHNER 

Tobacco Research Gouncil Laboratories, Harrogate, Yorks. 
{Received 5 August 1969) 


The metabolism of [2'-l‘*C]mcotine given as an intravenous injection in small 
doses to anaesthetized and unanaesthetized oats has been studied. A method is 
described for the quantitative determination of [’•^Ojnicotine and ['■‘‘Cjcotinine in 
tissues and body fluids. Nanogram amounts of these compounds have been detected. 
After a single dose of 40^g. of [I'lCjnicotine/kg., 66% of the injected radioactivity 
was excreted in the urine within 24 hr., but only 1% of this radioactivity was un¬ 
changed nicotine. [t'^CjNicotine is metabolized extremely rapidly, [t‘*C]cotinine 
appearing in the blood within 2-5min., of intravenous injection. [i^CjNicobine 
accumulates rapidly in the brain and 15 min. after injection 90% of the radioactivity 
still represents [i'*0]aicobine. Metabolites of [^‘^Ojnicotine have been identified in 
liver and urine extracts. [^^CjNicotine - I'-oxide has been detected in both liver and 
urine. 


The major metabolic pathways and detoxiflca- 
trion products of nicotine have been elucidated for a 
number of species by MoKennis and co-workers 
(McKennis, 1965; Papadopoulos & Kinzios, 1963; 
Papadopoulos, 1964a,6). However, the time-course 
of accumulation and disappearance of nicotine in 
bissuos and body fluids has not been extensively 
studied, except by Schmiberlow and colleagues 
(.4ppclgren, fiansson cfeSohmiterlow, 1962; Hansson 
& Schmiberlow, 1962; and Schmiterlow, Hansson, 
Andersson, Appelgren & Hoffman, 1967). These 
workers used the technique of whole-body radio- 
autography, so that results were only obtained 
from each animal at one particular time after 
administration of nicotine. 

Accurate measurement of small amounts of 
nicotine in blood and tissues has not until recently 
been possible. An indirect estimate can be obtained, 
however, by measuring the pharmacological res¬ 
ponse to a puff of cigarette smoke introduced into 
the lungs of a cat and comparing this with an intra¬ 
venous injection of nicotine (Armitage, 1965). Some 
of the effects of tobacco smoke may be matched very 
closely by a suitable intravenous injection of nico¬ 
tine, and it has been calculated that a cigarette 
smoker gets a dose of nicotine, equivalent to 1 or 
2 /J.g-/kg. administered intravenously, every time h© 
inhales a puff of smoke. Such small amounts of 
nicotine have been shown to have effects on the 
central nervous system of cats and rats (Armitage, 
Hall & Morrison, 1968). 

Th© object of the present investigations was to 
study the metabolism of nicotine in oats after a single 
intravenous injection and-itr particular to meas\ire 


blood concentrations of nicotine and how long these 
concentrations were maintained. A method was 
therefore developed for the measurement of small 
amounts of nicotine and cotinine in body fluids and 
tissues after administration of [2'-i^C]nicotine. 

MATERIALS AND METHODS 

( —)-[^'*C]N'icotine hydrogen tartrate labelled, in the 2'- 
poaition of the pyrrolidine ring was synthesized in these 
laboratories by Dr H. Roderick by the method of Decker & 
Sammeck (1964). Specific radioactivity of the product was 
20mo/m-mole. Radiochemical purity was constantly 
checked by t.l.c. and paper chromatography, and by radio¬ 
autography; the p^cjnicotine showed evidence of radio¬ 
chemical decomposition, to the extent of 1 -9% over a 3 month 
period. All samples of radioactive material, as aqueous 
solutions, were stored frozen in small piaatic containers. 

A small sample of ( —)-[2'-i^O]oofcinLne (l-4no) was ob¬ 
tained by chromatography of a methylene dichloride- 
methanol extract from the liver of a cat that had received an 
intravenous dose of 40pg. ['‘•Cjnicotine/kg. (13-5pc). Two 
solvent systems were used, as described below, and active 
material was eluted with methylene dicliloride. T.l.c. of a 
sample of eluate followed by radioautography revealed a 
single spot of radioactivity. 

Samplea of demethylootinine and y-oio-y-(3-pyridyI)- 
methylbutyramide were generously given by Professor H. 
MoKennis jun., Richmond, Va., U.S.A. Nicotine I'-oxide 
was synthesized by Dr H. Roderick and a sample of ( —)- 
cotinine was obtained &om Dr Chesterfield of the Imperial 
Tobacco Group Ltd., Bristol. Nicotinic acid was obtained 
from Sigma (London) Chemical Co, Ltd., London S.'VV.S. 
Nomicotine was obtained from Fluka A. G. Chemisohe 
Rabrik, Buebs, Switzerland. All other reagents andsolvents 
were of A.R. grade. 

3Ieasiiremene of radioacHiiiiy. A Packard Tri-Carb 
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model 3003 liquid-aointillatloii spectroroetec (Packard 
Instruments Ltd., Wembley, Middlesex) was used for 
measurement of sample radioactivity. Unless otherwise 
stated the liquid scintillator used was that described by 
Evans (1961), namely dioxan-ethanol-sylene {500ml. of 
each) containing naphthalene {120g.), 2,5-diphenylosazci!e 
(7-5g,) and l,4-bia-(4-methyl-5-phenyloxazol-2-yl)benzene 
(75mg.). In this system was measured with a maximum 
eflScieney of 70%. EiSciency of radioactivity measure¬ 
ments was determined by the charmels-ratio method, 
samples being counted to at least 1% accuracy. 

Pojjer chromatography. Labelled compounds in solvent 
extracts of nrine and tissues were separated by descending 
chromatography on Whatman no. 1 paper at room tempera¬ 
ture. One- and two-dimensional chromatography was 
employed, with an alkaline solvent system [ri-butanol— 
ethanol-O’SM-NHa (4:1:1, by vol.)] or an acidic system 
[90% formic acid-aec.-butanol-water (14:7:11, by vol.)]. 

Thin-layer chromatography. Kieselgel G (E. Merck A.-G., 
Darmstadt, Germany) was layered on standard glass plates 
(20cm.x20om. or 10cm.x 10cm.). The thickness of the 
layer was 0-25 mm. Before use the plates were heated at 
110“ for 30 min. (Stahl, 1962). Ascending chromatography 
was performed with two solvent systems, benzene-ethanol- 
acetone-aq. NHa (sp.gr.0-88) (50:5:40:5, by vol.) (TLCl) 
and n-butanol-ethanol-2-5M-NH3 (4:1:1, by vol.) (TIjC2). 

After development, paper and thin-layer chromatograms 
were dried and Koenig-positive zones of radioactivity 
detected by spraying with etbanolic 1% (w/v) p-amino- 
benzoic acid followed by exposure to cyanogen bromide 
vapour. 

Eadioautography. Paper and thin-layer chromatograms 
were overlaid on Kodirex X-ray film (Kodak Ltd., London 
W.G.2). Chromatograms and film were kept pressed together 
at room temperature for up to 4 weeks. 

Animals. Experiments were performed on oats of either 
sex weighing 2-3 kg. and bred in these laboratories. Except 
when specifically stated three oats were used for each 
determination of tissue and body-fluid radioactivity. Eor 
studies on excretion of radioactivity, unanaesthetized cats 
were fitted with a small valve (Hall, Gomersall & Heneage, 
1968) which was attached to the skull. The valve was con¬ 
nected to a cannula inserted into the left jugular vein, thus 
allowing an injection of ['•■'Cjnicotine. Animals were 
allowed to recover for one week and housed in a stainless- 
steel metabolism cage for collection of urine and faeces. 

In experiments on anaesthetized oats, chloralose (80mg,/ 
kg.) (Koch-Light Laboratories Ltd., Coinbrook, Bucks) was 
injected intravenously after induction with ether. Blood 
samples were obtained from a polythene T cannula inserted 
in the left carotid artery. [^•*C]Nicotine, as the hydrogen 
tartrate, in saline solution was injected via a cannula 
inserted in the right femoral vein. Urine was obtained 
continuously from a catheter inserted into the bladder via 
the urethra. Samples of bile were obtained by cannulation 
of the common bile duct. Samples of cerebrospinal fluid 
were obtained by perfusing the cerebral ventricles with 
artificial cerebrospinal fluid (Merlis, 1940) at a rate of 
O-lml./min. via a Collisou cannula (Eeidberg & Sherwood, 
1953), inserted into the left lateral ventricle. Perfusate was 
collaoted from a needle inserted through the cisternal mem¬ 
brane (Bhattacharya <Sfc Feldberg, 1958). Gastric juice was 
obtained at the end of experiments from animals starved 
dm'ing the pr8vious_^y. 


The radioactivity of certain body fluids could be counted 
directly without prior extractiori. Samples of urine or 
artificial cerebrospinal fluid (250n.h)> bile (SOpI.) or tri- j 
ehloroaoetic acid extracts of tissues (100/il.) were added | 
directly to the vial, which contained 15 ml. of scintillator. 
Powdered silica from thin-layer plate scrapings was added 
directly to the vial containing scintillator and 4% (w/y) 
Cab-O-Si! (Packard) (Snyder & Stephens, 1962; Snyder, 
1964). 

Total radioactivity of blood samples and tissue homo¬ 
genates was determined by oxygen-flask combustion by a 
modification of the Kalberer & Rutschmann (1961) method. 
i-'iCOa was taken up into ethanolamine-methanol (1:19, 
v/v) and lOml. of the resulting solution added to lOml. of I 

scintillator (4g. of 2,5-diphenyloxazole/l. of toluene). Count- I 

ing efficiencies were within the range 22-26%. Corrections 
for quenching were made by use of ?t-[t4C]hexadecane 
dissolved in toluene as internal standard. A standard of 
[WCInieotine was added to 100/xi- of blood or an inactive 
liver extract and burned with each set of samples. 

Hxlraclion of nicotine and cotinine from blood. To 1 mi. of 
oxalated arterial or venous blood was added 1 ml. of an 
aqueous solution containing nicotine hydrogen tartrate 
(2mg./ml.) and 0’5ml. of trypsin (4mg./ml.). The mixture 
was incubated for 60min. at 37“, made alkaline with 50^1. 
of 20% KaOH and extracted with 3 x 3ml, of methylene 
dichloride. .4fter addition of each volume of methylene 
dichloride the tubes were gently shaken for 2min., centri¬ 
fuged for 5 min, at 4000rev./min, and the lower organic 1; 
layer was removed. A blank and two blood samples to 
which had been added lOjol. and 100^al. of [i‘*C]nicotine |; 
respectively were extracted at the same time. 

Urine and other body fluids were similarly extracted, with 
the exception that trypsin digestion was omitted and 0-5 ml. 
of water added to make up the volume. Tissues, removed _ 
post mortem, were washed with ice-cold saline, blotted, 7 
weighed and deep-frozen until required- Bach tissue was 
homogenized in 6 vol. of saline containing 2 mg. of nicotine/ 
ml., in a Griffiths glass-tube homogerdzer at room tempera- I 
ture. To a sample of homogenate (2ml.) was added an equal ^1 
volume of 10% trichloroacetic acid slowly with shaking. 
Standards were made by adding [i^CJnieotine to a liver and ;; 
brain homogenate and extracting similarly. The tubes were *: 
Centrifuged for Smin. at 4000rev./min. and the clear super- ] 
natants removed. The radioactivity of 200 ^1- portions was 
counted directly by adding them to the dioxan scintillator 
(ISml,), Portions of homogenates burned to'■‘‘COa were not ' ^ 
significantly different in radioactivity from the trichloro¬ 
acetic acid extracts. Portions (1ml.) of the trichloroacetic ' 
acid supernatants were extracted by a method identical with 
that used for urine. ; 

Pooled methylene dichloride extracts fi'om each tissue or 
blood sample, acidified with dll. HOI (25n,'-)j’''^®t® 
counting vial and evaporated to small volirmo in a stream of _ 
H;;. Liquid scintillator (15ml.) was added and the vial was ^ 
tightly capped, shaken and counted. It was not possible to 
extract ail the radioactivity from body fluids or tissue 
extracts. Some remained in the aqueous phase. The 
proportion of this uneitracted radioactivity varied with the - 
type of sample and the time at which the sample was taken " 
after administration of [i‘*C]nicQtine. Recoveries of stand- ^ 
ard amounts of [^'‘Cjnicotiue were in the range 97-103%- ^ 
[i-'0]Cotiaine in standard amounts was recovered nearly g 
quantitatively in the range 95-99%. * 

Ic M 
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Quaniitatire assay of nicotine and cotininc. Samples ■were 
extracted into methylene dichlorklc as described above with 
tlie exception that nicotine (50p,g.) and cotiniuc (25fig.) 
were added as carriers. Pooled organic extracts, after be Lng 
made slightly acidic, were evmporated to small volume under 
Kz in conical centrifuge tubes. During concentration the 
sides of the tubes were ■washed down 'with small amounts of 
methylene dichloride. Samples were finally adjusted to 
100^1. with a methylene dichloride-methanol solution 
(3;1, v/v) and portions used for t.Lc. in solvent system 
TLGl. Plates were developed and stained as described 
above, [^•^CJnioobine and cotinine being identified by 
the position of the carrier. For each extract the zones corres¬ 
ponding to these two compounds ivere scraped off and added 
separately to counting vials oontaining 4% (w/v) Cah-0- 
Sil. The remaining silica iayer, containing unidentified 
metabolites, was also scraped off and added to a vial. The 
radioactivity of samples was then counted in the usual way-. 
Recoveries of standard amounts of [WCJnicottne and 
eotinine added to blood or tissue and carried through the 
■whole procedure were ivithin the range 80-90%. Radio¬ 
autography of blood and tissue extracts revealed no radio¬ 
active material sufficiently near the [l^C]nlcotme and [^^C] 
cotinine spots to contaminate them, the major portion of 
e.xtraetable, but unidentified radioactivity remaining at or 
near the origin. 

Identificalion of metaholitea of [}^(f]nicolim. Livers from 
anaesthetized animals killed 2 hr. after intravenous injec¬ 
tion of [I'lCjnicotine (40p.g./kg.) were homogenized in 5 vol. 
of methylene dichloride-methanol (2:1, y/v) in a Waring 
Biendor. The homogenate was filtered and the organic layer 
of the filtrate separated from a small aqueous layer. The 
former was evaporated to dryness and the residue shaken 
with 2 X 5 ml. of methanol. This fraction contained 52% of 
the tissue radioactivity. The clear solution was concentrated 
to 1 ml. and a 200jut. sample subjected to two-dimensional 
chromatography on paper ivith the solvent systems men¬ 
tioned above. Unlabelled nicotine and certain metabolites 
were added to the same papers before development. After 
development, papers Tvere stained for Knenig-positive 
material and subjected to radioautography. Labelled 
metabolites identified by radioautography alone were eluted 
from the paper with methylene dichloride-methanol (2:1, 
v/v) and the concentrated eluates snbjeeted to t.Lc. For 
identification of labelled and unlabelled material the same 
technique was used as after paper chromatography. 

Urine obtained from animals killed after 2 hr. was 
concentrated to small volume (approx. SmI.) and a sample of 
radioactive material was eluted from a small strip of 
Whatman no. 1 paper with the alkaline solvent system. The 
eluate was acidified with HC! and evaporated to dryness in 
vacuo at 60°, The residue was shaken with 2x4ml. of 
methanol and after addition of 25 pi. of la-NaOH, concen¬ 
trated again to Itnl. By this method 90% of the original 
Urine radioactivity was recovered. Samples of the methanol 
extract were subjected to paper chromatography and t.l.c. 
in the presence of unlabelled nicotine and certain metabol¬ 
ites, as for liver extracts. 

RESULTS 

P-*0]Nicotine in blood. Fig. I shows the amounts 
of [i40]nicotine and [i^Cjcotinine appearingin blood 
over a 2 hr, period after^inhravenons injection of 



Fig. 1. Carotid blood concentrations of [I'^Cjiiieotine and 
[14C]cotinine Over a 2 hr. period after an intravenous injec¬ 
tion of40pg, of ['^^cjdicotine/fcg. (5-4po/kg). Vertical bars 
represent the S.E.m:, o, STicotine; •, cotinine. 


['■^OjnicQtine, The fall in the ooncontration of 
nicotine was extremely rapid and after fimin. the 
blood contained only 1% of the injected dose. 
Metabolism to cotinine was extremely rapid also, 
significant amounts of this compound appearing in 
the blood 2-5min. after injection although high 
concentrations did not occur. A single experiment 
was performed on a cat whose liver had been re¬ 
moved from circulation by ligating the portal vein 
and hepatic artery close to the liver and oannulating 
the vein distal to the tie, so that venous return to the 
liver could be channeled into the jugular vein. 
Chromatographic and radioautographic studies 
showed that the rate of decline of radioactivity in 
the blood of this animal was somewhat slower and 
[i-40]cotiiiine was nob detected until some 30mm. 
after injection. 

A certain proportion of radioactivity' remained 
in the extracted blood and although combustion 
analysis showed that the proportion of imextracted 
material was negligiblo over the first 10-15min., 
after 2hr. had elapsed soma 40 % of the radioactivity 
remained in the blood. Table 1 shows the propor¬ 
tions of [i-4u]nioobine and [•■4C]eotinine in blood. 
The proportion of unidentified material that was 
extractable remained at, or x'ery close to, the origin 
on t.l.c. 

jExorstion of radioactivity in urine and faeces. 
Radioactivity' in urine collected for 24hr. periods 
during 3 day's from three unanaesthefcized animals 
given 40p.g. of [t4C]nicotine/kg. (5-4p,o/kg.) was 
measured before extraction. Fig. 2 shows the out¬ 
put of radioactivity. In 3 days 70% of the injected 
dose had been excreted via urine, 55% being ex¬ 
creted in the first 24hr. In contrast, however, the 
first 24hr. collection of faeces contained only 0-5% 
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Table 1. Radionctivity representing nicotine and aotinine in carotid blood of the cat 


1969 


Results are expressed as percentage of the total radioactivity ( + s.E.3t.)) after an intravenous injection of 
•tojag. of [t-<C]nicotiue/Icg. (5-4yaC/lrg.) 

Time after injection (min.) 


0-5 1 2-5 5 10 15 30 60 120 

Nicotine 100-2 + 0-7 98-7±0-6 86-I±0-7 64-6±0-9 45-7±l-4 42-9 ±0-3 29-2±0-6 23’6±l-3 31-3+1-3 

Cotinine 0 0 4-8±0-l 9-5±0'2 16-4±0-6 19-2±0-3 23-3±0-5 2f6±l-6 26-0+1-3 



Fig. 2. Urinary excretion pattern of radioactivity over a 
72 hr. period after an intravenous injection of 40/rg. of 
U'tCjniootinLe/kg, (S-4^c/kg.). Vertical bars represent the 
s.B.M. •, Anaesthetized animals; O, unanaesthetized 
animals. 


of blie total dose and a second 24lir. aamplo oon- 
taLaed negligible amounts of radioactivity. 

Results obtained on urinary excretion of radio¬ 
activity for periods of 30mia.-8hr. after injeotion 
in anaesthetized animals are included in Pig. 2, 
since the output of radioactivity for both un¬ 
anaesthetized and anaesthetized animals appears 
to lie on the same curve. At the end of these experi¬ 
ments the bladder contents were collected and 
pooled with urine obtained through the oatlieter. 
In all experiments urinary pH was monitored and 
found to lie within the range 6-7-7-2. Attempts 
were made, by using intravenous infusions of 
sodium dihydrogen phosphate, to acidify the urine, 
so that the variation in urinary nicotine excretion, 
with pH might be studied. However, no changes 
were observed with concentrations of the phosphate 
in the range 1—SOrag./ml. 

Qualitative studies on the excretion of [^“*0]- 
niootine and its metabolites were performed on 
pooled urine samples from anaesthetized cats. Nino 
radioactive compoiuida were found, of which six 
have been identifi.ed,_^_ namely nicotine, cotinine, 
nornicotine, domethyicotinine, pyridylacetic acid 


and nicotine I'-oxide. Labelled metabolites were 
identified by radioautography after paper chromato - 
graphy in two dimensions, followed by elution and 
fc.l.c. in two solvent systems. NTon-radioaebive 
carriers were identified by spraying with Koenig 
reagent. Table 2 shows the Rp values and other 
relevant data for the identified compounds. 

Quantitative studies on the urinary excretion of 
unchanged [^‘*C]nicotine and its metabolite [i^O]- 
cobitiine were also performed. Results obtained 
from two animals at each time are shown in Table 3, 
which shows that the amounts of nicotine and 
cotinine excreted are very small and even in 24hr. 
Only 1% of the unchanged [i^Cjnicotine is excreted. 
A large proportion of the radioactivity in the urine 
samples was not extractable into methylene di- 
cMoride. Radioautograms, obtained after t.l.c. in 
system TLCl, of extracted urine samples revealed 
at least eight radioactive spots, four of which were 
identifiable as nicotine, cotinine, nomicotine and 
demethylcotinine. [i'*C]Nicotine and [i'‘C]cotinine 
were well separated and in all extracted samples the 
bulk of the radioactivity remained at the origin. 

Excretion of radioactivity into bile, cerebrospinal 
fluid and gastric juice. Bile samples, collected over 
a 4hr. period, showed an increase in radioactivity 
that was maximal SOmin. after injection (Fig. 3). 
Qualitative chromatographic studies on extracted 
bile revealed [i^Ojniootine and [^^Cjcotinine in all 
samples- Over the period of experiment O'5% of the 
injected dose was released into the bile. In two 
experiments a significant but small amount of radio¬ 
activity was released into the artificial cerebrospinal 
fluid perfusing the cerebral ventricles (Fig. 3). 
Maximum output occurred during the first 10 min. 
of collection. Chromatography and radioauto¬ 
graphy revealed that the radioactivity was largely 
due to [i^Cjniootine. Other metabolites, if present, 
were not sufficiently radioactive to be detected. 

Gastric juice collected 2 hr. after injection con¬ 
tained a relatively large amount of radioactivity 
(5-0 ±1-7%). Quantitative studies performed on 
portions of gastric juice revealed [I'^CJnicotine 
(.56-8+ 4-2%) and[’■^Olcotinine (18-7 ±4-1%). Other 
unidentified metabolites were also detected. 

IfiCINicotine and its metabolites in tissues. Cont¬ 
ents of nicotine and cotinme in various tissues were 
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Tabic 3. Up values on t.lx. uml paper chromatography of '\}^S]nicotine and aotna 
labelled metabolites extracted from urine and livers of cats 


The colours developed over 

a period of 30 iniii. after e.’jpcsuro to 

cyanogen 

Rp 

broniitlo and faded after 24 hr. 


Alkaline Bystein 

Acid syatem 

TLCl 

ThC2 

Colour* 

Nicotine 

0-87 

0-36 

0-88 

0-75 

Yellow 

Cotinine 

0-78 

0-43 

0-65 

0-67 

Orange 

Nomiootine 

0-76 

0-39 

0-52 

0-46 

Orange 

DemethyScotinine 

0-68 

0-32 

0-43 

0-64 

Red-brown 

y-Oxo-'y-tS-pyridyh-N’-inethylbutyramide 0-80 

0-45 

0-43 

—■ 

Pink 

Nicotine l^oxide 

0-48 

0-42 

0 

0-29 

Red—orange 

Pyridylacefcic acid 

0-23 

0-39 

0 

0-30 

Rose red 


Table 3. Excretion of radioactivity in urine of cats 
after an intravenous injection of 4,0pg. of [^■*C]- 
niootirtejkg. [5-4pc[lcg.) 

The 21ir. and 4hr. values refer to anaesthetized animals, 
the 24hr. values to unanaesthebized animals. Results are 
quoted as the mean+s.E.M. 

Time after injection 


2 hr. 4 hr. 24 hr. 

% as [WCjnicotme 0-66±0-04 0-77 + 0-03 1-23 + 0-24 
% as [i^Clcotinine 0-27 + 0-04 0-48± 0-03 0-43 ±0-04 



0 0-5 10 I-5 2-0 


Time (hr.) 

Tig. 3. t-lQ Radioaotivity in hiie and cerebrospinal fluid 
lierfusate over a 4hr. period after an intravenous injection 
of iOpg. of [i^Cjnicotine/kg. {0-49pc/kg.). Artificial 
cerebrospinal fluid was perfused through the cerebral 
ventricles at a rate of 0-1 ml./min. Vertical bars represent 
the s,E.M. Two cats were used for the studies on cerebro¬ 
spinal fluid radioactivity, •, Bile; O, cerebrospinal fluid 
perfusate. 


determined over a 21ir. period after a siiigle intraven¬ 
ous injection of 40 jug. of [^"^Cjmcotiine/kg. Table 4 
shows the results obtained, [I'^Cjnicobhie and 
[i^Cjootinine contents being expressed as ng./g. wet 
weight of tissue. Ail tissues showed a maximum 
[t^Cjnicofcine content SmafT after injection and 


thereafter radioactivity declined. [i4C]Cotinine 
contents rose very slowly in most tissues over the 
2iir. period, but in liver there was a significant 
increase in cotinine, reaching a maximum after 
15min. Adrenal tissue also showed a smaller maxi¬ 
mum concentration of cotinine after 15 min. At the 
end of the experiment most tissues contained small 
amounts (approx. 5ng./g.) of cotinine. Stomach and 
adrenal tissues however contained high concentra¬ 
tions. Although amounts of total radioactivity/ 
organ were all maximal 5min, after injection, the 
proportion of that radioactivity representing 
nicotine varied markedly, as Table '5 shows. In 
brain at least 90% of the radioactivity was due to 
nicotine over a period of ISmin. Liver, kidney and 
lung, however, contained much smaller proportions 
of nicotine even 5min. after injection, lung tissue 
containing a very small proportion of [i^Ojnicotine 
indeed. The other tissues showed contents inter¬ 
mediate between those of brain and kidney. 

Paper chromatography and t.i.e. coupled with 
radioautography revealed five identifiable metabol¬ 
ites of nicotine in liver extracts obtained 2 hr. after 
injection. These metabolites were identical with 
those previously observed in urine. Tlie radioactive 
compounds co-chromatographed witli authentic 
standards in four different solvent systems. Bp 
values of these compounds, sho^vn in Table 1, were 
'consistent witli those reported in the literature 
(Papadopoulos, 1964o). In addition, at least five as 
yet unidentified radioactive materials wei-e found 
in liver, two being present also in urine extracts. No 
evidence of [‘■^Cjnicotinamide or [I'^Clniootinioacid 
was found. 

Nicotine 1'-oxide has recently been identified in 
the urine of cigarette smokers and, in vitro, as a 
metabolite of nicotine in animal liver homogenates 
(J. Booth & E. Boyland, personal commimication). 
Their investigation also demonstrated that the oxide 
could be resolved into two optical isomers on paper 
chromatography in a butanol—propanol--ammonia 
solvent system. 
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Table .4. icoihtc and [}^C!\i;otinine in tisaitcs of the cat, expeessed as ng.ji}. wet weight of 

tissue { ±s.B.M.)> after intravenous injection of iOpg. of [}'^C]fiicotinelhg. (S-ipcjkg.) 

Time after iajection (min.) 




5 

15 

30 

60 

120 

Adrenals 

NicotLae 

66-3+ 1-8 

43-4 ±1-3 

16-8 + 3-2 

10-2 + 0-i 

4-9 + 0-3 


Cotinine 

6-6 ±0-6 

lOd+lO. 

7-0 +0-5 

8-5 + 0-6 

12-6+I'l 

Brain 

biiegtine 

96-9 +0-5 

34-5 +0-9 

],7-0+91 

11-1+0-1 ■■ 

3-8 ±0-3 


Cotinine 

0-8-t 0-1 

0-9 + 0-1 

2-5+0-8 

3-6±0-6 

■3-6±0-l 

Liver 

ZSTicotine 

76-9±3-3 

44-1+ 1'3 

33-2+2-2 

20-3+X-2 

3-2+ 0-3 


Cotinine 

I3-7±3-6 

29-0 +2-e 

10-8±2'0 

I0-S±0-2 ■ 

4-8 ±0-2 

Kidney 

Nioofcina 

lU'0±7-8 

59'6±4-3 

44-7+1-6 

33'2 + l-l 

ll-T+3-8 

Cotinine 

5-2±0-2 

1-4+0-1 

9-6+ 0-8 

8-0 + 0-f 

5-5±0-9 

Lung 

Kicotine 

47-5 ±4-1 

3l-4±3-0 

21-9 + 2-6 

8'6 + 0-4 

4’8±1-1 

Cotinine 

2-0 +0-4 

1'5 +0-6 

4-l±0'l 

4-0±0-l 

3'7 + 0-5 

Skeletal muscle 

Nicotine 

S-2±0'5 

6'7 + 0-l 

6-2 +1-0 

5-9 + 0-2 

l'9 + 04 


Cotinine 

0-0 

0-4+0‘1 

I-2+0'4 

l'6 + O-O 

3-3+ 0-2 

Stoma ok 

■Niectinc 

76-5 + 5-5 

35-7+6-8 

23-3 +5-3 

9-5 + 0-6 

. 6-7 ±0-3 


Cotinine 

1-S + O-O 

3.-3 + 0-4 

2-2 + 01 

6-6±0-3 

8-9 + 0-3 


Table 5. Eadioactivity representing [^*C]nicotine in tissues of the cat 


Kesalts are Bipressed as a percentage of the total radioactivity ( + s.E.il.), after an intravenous injection of 
40fig. of [i^C]iiicotine/Tig. (5'4fAC/kg.). 

Time after injection (min.) 



5 

15 

30 

60 

120 

Adrenals 

83-9 + 4-9 

66-5+1-S 

42-0 + 5-4 

31-7 + 0-6 

17-2 + 0-8 

Brain 

95-3 + 0-8 

89-6 + 0-3 

69-2 + 5-2 

59-6 + 0-4 

31-5 + 0-5 

Liver 

43-3 + 0-2 

25-8 + 0-2 

20-9+1-7 

14-3+M 

4-3 ±0-1 

IKadney 

57-0+2-7 

44-2+ 4-0 

30-4 + 1-2 

24-5 ±0-2 

13-8 + 3-9 

XiUng 

25-5+1-0 

27-8+ 2-8 

17-7+1-6 

9-8+ 0-3 

5-7+1-4 

Skeletal muscle 

87-6+1-6 

66'5 + 0-8 

4S-5 + 2-0 

4iO*8 -f" 3'6 

13-9 + 5-2 

Stomach 

S6-0±0-6 

73-8±0-3 

82-1 + 2-7 

41-7 + 2-0 

18-3±l-7 


Examination of a sample of [f ^Cjniootlne l''-oxido 
extracted from cat liver in the present experiments 
under the above conditions revealed two radioactive 
spots of Rp 0-o3 and 0-44. Authentic nicotine 1'- 
oxide also separated into two spots, which co- 
chromatographed with the labelled materials. These 
unlabelled spots were stained a red-orange colour 
with the Koenig reagent and appeared black under 
u.v. light. Tile two radioactive materials were 
present in approximately equal amounts but in the 
authentic materials the spot with Rp 0-52 appeared 
to be present in greater amounts than that with 
i?^.0-44. 

DISCUSSION 

As a contribution to a study of the effects of 
nicotine on the central nervous system a sensitive 
method was required to determine the amounts of 
nicotine and its metabolites in tissues and body 
fluids of the cat and other animals. The dose of 
nicotine administered^-in these experiments was 
40pg./kg. Tiiis^fepresents the total amount of 


nicotine tliat a human smoker might bo expected to 
receive, during approximately lOmin. when inhaling 
deeply from a single cigarette. Methods previously 
reported in the literature for the quantitative assay 
of nicotine and cotinine [Hucker.Tj-illette & Brodie, 
1960; Beckett & Triggs, 1966; Harke, Brahm & 
Schultz, 1969) were less sensitive. A modification of 
the Hucker methodfTjalve, Hansson & Schmiterlo-w, 
1968) has been used to measure [i^Ojnicotine in 
animal tissues, after injection of relatively large 
doses of [ilfe-’-'iOjnicotine. The method could con¬ 
ceivably be used to measure smaller concentrations 
of nicotine but it is not applicable to studies with 
[2'-l‘*0]nicotine, owing to tlie presence of many more 
radioactive metabolites. Tlxis labelling position for 
nicotine was chosen in order to study as many meta¬ 
bolites of [i'*C]nicotin 0 in cat tissues as possible. 

The results presented provided quantitative 
evidence of the time-eonrse of the distribution and 
fate of nicotine in animals, information about which 
until recently has been largely qualitativ-o 
(Appelgren et al. 1963). The blood concentration of 
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nicotine drops sharply after Lajection, pres\imably activity in the gastric juice was due to [^'^Ojcotinine 


!is the compound distributes itself in the various 
I, issues. Metabolism of nicotine occurs principally 
in the liver, aa ia well established, and is extremely 
vapid since [t^Cjcotinine appears in the blood within 
a few minutes. The oxidation of nicotine to cotinine 
is believed to be important in terminating the 
pharmacological actions of the former (Bowman, 
Hansson, Turnbull & McKennis, 1964). Metabolism 
of nicotine to Other compounds also appears to 
occur rapidly sinco varying but significant amounts 
of other metabolites were found in all tissues 
examined, even after 5min. Although it is unlikely 
that metabolism occurs in all tissues, there is never¬ 
theless a marked variation between tissues in the 
amounts of these compounds. This may he due to a 
variation in the binding capacity of the tissues. 
Lung tissue ia the most obvious example, since even 
5 min. after injection the proportion of radioactivity 
representing nicotine is even less than that occurring 
in the liver. Kidney and lung tissues of the rat have 
been shown to have a small capacity in vitro for 
metabolizing ['■'^Ojniootine (Hansson, Hdffinan & 
Schmiterlow, 1964). Unless corresponding organs 
of the cat differ in their capacity to metabolize 
nicotine, the results in Tables 3 and 4 suggest that 
lung tissue particularly can concentrate nicotine 
metabolites. Brain tissue appears to be unusual in 
that although the content of nicotine declines with 
time, the proportion of radioactivity representing 
nicotine remains at a higher value when compared 
with other tissues, at least over the first 15 min. 
The observation of [^‘‘Cjnicotine as the only signifi¬ 
cant compound present in the cerebrospinal fluid 
perfusate is consistent with the relatively high brain- 
tissue content of nicotine. Presumably this high 
proportion of [i4C]nicoiine in brain tissue reflects 
the difference in the ability of nicotine to pass 
through the blood—brain barrier compared with its 
metabolites. The amoimts of radioactivity in the 
tissues of the adult cat over the period of time correl¬ 
ate well with the observ-ations of Appeigren ei al. 
(1962) and Schmiterlow et al. (1967) who have used 
the technique of whole-body radioautography to 
plot the distribution of radioactivity in mouse, rat 
and kitten tissues after injection of much larger 
doses of [i--*0]nicotme. Their results suggest a rapid 
accumulation of radioactivity in the brain and other 
tissues, notably the salivary glands, and a gradual 
increase in radioactivity in gastric juice and stom¬ 
ach contents. The present observations show that 
about 0 % of the injected radioactivity is present in 
gastric juice after 21ir., the major portion, of the 
activity representing nicotine and eobinine. High 
concentrations of [^Hjeotinine have been found in 
mouse stomach 60inin. after intravenous injection 
of the labelled substance (Bowman et al. 1964) and 
in the present experimentS^me 20% of the radio- 


after 2 hr. Most of this nicotine and cotinine must, 
together with that excreted via the bOe, be re¬ 
absorbed in the intestine, where pH conditions 
favouring an increase in the ratio of free base to 
ionized material occur, since only a small fraction of 
injected activity appears in the faeces over a 24hr. 
period. 

Though the majority of injected radioactivity 
was excreted via the urine only small amounts of 
unchanged [l^Clnicotine and [I'^Cjcotinine appeared. 
This probably in part reflects the rapidity with 
which nicotine is metabolized. Since the pH of the 
urine was within the range 3-7-7-2 a proportion of 
nicotine reaching the kidney would be reabsorbed 
from the renal tubules. Over this pH range about 
10—20% of the nicotine would he present as free 
base (Travail, 1960) which would thus aid reabsorp¬ 
tion by the kidney. The observation that the rates 
of urinary excretion of radioactivity in both 
anaesthetized and unanaesthetized cats appear to 
lie on the same curve, together with the observa¬ 
tions On the excretion rates for [I'lCjnicotine and 
[i^Cjcotinine, suggests the possibility that the 
anaesthetic does nob have much effect on the 
metabolism of nicotine. 

No studies on the possible release of i'*C02 in 
expired air were undertaken although previous evi¬ 
dence suggests that little or no is expired in 

rats and dogs after injection of randomly labelled 
nicotine (Ganz, Kelsey & Ceiling, 1951; Fishman, 
1963; Morselli, Ong, Bowman & McKennis, 1967). 
In contrast, however, some 6% of ^^COa is present 
in expired air if pVIe-t4C]nicobine is used (McKennis, 
Turnbull, Schwartz, Tamaki & Bowman, 1962). 
For to be produced by metabolism of 

nicotine in the present experiments, P^Cjmcotinic 
acid would have to be formed via side-chain oxida¬ 
tion from. [i‘*C]pyridylacebic acid. No [I'^Cjniootinic 
acid was detected in liver extracts, which supports 
the view that the metabolic conversion of nicotine 
into nicotinic acid is not a significant route in the cat 
(Larson, Haag & Silvette, 1961). Evidence for the 
presence of y-oxo-y-pyridyl-N-methylbutyramide 
was not obtained since it had closely similar Bp 
values to cotinine on paper chromatograms and an 
identical Bp with demethylcobinine on t.l.c. 

Oxidative iV-dealkylation of tertiary amines has 
been demonstrated in microsomal preparations 
from animal tissues fortified with NAJDPH and 
oxygen (Parke, 1968). Studies in vitro on rabbit 
liver (Hucker et al. 1960) showed that the conver¬ 
sion of nicotine into cotinine required NADPH and 
oxygen, and more recently nicotine I'-oxide has 
been identified, in vitro and in vivo, in rabbit liver 
(Papadopoulos, 19646. 1965). It was therefore of 
great iufceresfc to see if [l-'iCjnicotine 1'-oxide was a 
metabolite in vivo of [■•^Cjmootine in the cat. The 
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studies reported here have confirmed its presence in 
the liver and urine of the anaesthetized cat after 
injection of [■■‘*C]rucotine although a quantitative 
assay has not as yet been performed. All the other 
metabolites identified in both urine and liver 
extracts from the experiments have been reported 
as metabolites of nicotine in other species including 
man. 

The author thanks Professor E, Boyland for information 
relating to unpublished results. The technical assistance of 
Mrs D. Kendall is gratefully acknowledged. Thanks are 
also due to Mr B. Emmett who prepared the figures. 
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